The p53-inducible gene 3 (PIG3) is originally isolated as a p53 downstream target gene, but its function remains unknown. Here, we report a role of PIG3 in the activation of DNA damage checkpoints, after UV irradiation or radiomimetic drug neocarzinostatin (NCS). We show that depletion of endogenous PIG3 sensitizes cells to DNA damage agents, and impaired DNA repair. PIG3 depletion also allows for UV-and NCS-resistant DNA synthesis and permits cells to progress into mitosis, indicating that PIG3 knockdown can suppress intra-S phase and G2/M checkpoints. PIG3-depleted cells show reduced Chk1 and Chk2 phosphorylation after DNA damage, which may directly contribute to checkpoint bypass. PIG3 exhibited diffuse nuclear staining in the majority of untreated cells and forms discrete nuclear foci in response to DNA damage. PIG3 colocalizes with c-H2AX and 53BP1 to sites of DNA damage after DNA damage, and binds to a c-H2AX. Notably, PIG3 depletion decreases the efficient induction and maintenance of H2AX phosphorylation after DNA damage. Moreover, PIG3 contributes to the recruitment of 53BP1, Mre11, Rad50 and Nbs1 to the sites of DNA break lesions in response to DNA damage. Our combined results suggest that PIG3 is a critical component of the DNA damage response pathway and has a direct role in the transmission of the DNA damage signal from damaged DNA to the intra-S and G2/M checkpoint machinery in human cells.
Introduction
The DNA damage response is a complex signaling process involving the orchestration of a variety of cellular events that activate rapidly in response to DNA damage. This signaling process involves a number of factors that either arrest the cell cycle and facilitate DNA repair (called the DNA damage checkpoint) or, if the DNA damage is too extensive to be repaired, induce apoptosis (Bartek and Lukas, 2007; Harper and Elledge, 2007) . In mammalian cells, the phosphatidylinositol 3-kinase-like kinase (PIKK) family, ataxia telangiectasia mutated (ATM), ATM and Rad3 related (ATR), and DNA-dependent protein kinases (DNA-PK) have central roles in sensing and responding to chromosomal insults (Shiloh, 2001; Falck et al., 2005) . The DNA damage response is thought to be a linear progression, beginning with sensors that convey the initial damage signal to mediators and transducers, which in turn transmit the signal to numerous effectors. Disruption of the DNA damage response pathways in human cells leads to genomic instability and an increased risk of cancer progression (Zhou and Elledge, 2000; Kastan and Bartek, 2004) . Therefore, it is important to understand these complex mechanisms at the molecular level to further the knowledge of cancer progression and treatment. During the past few years, many researchers have studied how these damage signals coordinately execute cellular responses to DNA damage, but much less is known about the mechanisms that initiate the early events prompted by DNA damage that precede the spread of the damage signal throughout the cell.
The p53-inducible gene 3 (PIG3) was originally identified through a serial analysis of gene expression in a study designed to identify genes induced by p53 before the onset of apoptosis (Polyak et al., 1997) . p53 interacts with a pentanucleotide microsatellite sequence within the PIG3 promoter ((TGYCC) n , where Y ¼ C or T) that is required for the transcriptional activation of this promoter by p53 (Contente et al., 2002) . The PIG3 amino acid sequence shows significant homology to that of NADH quinine oxidoreductase1 (NQO1), suggesting that, like NQO1, PIG3 contributes to the generation of reactive oxygen species (ROS) (Polyak et al., 1997) , which are important downstream mediators of the p53-dependent apoptotic response. Moreover, human cellular apoptosis susceptibility protein (hCAS/CSE1L) interacts with the PIG3 promoter and affects p53-dependent apoptosis by regulating PIG3 expression (Tanaka et al., 2007) . However, because PIG3 expression alone is insufficient to induce apoptosis (Polyak et al., 1997) , it is assumed that several factors cooperate to cause apoptotic cell death. On the other hand, UV irradiation induces alternative splicing of the PIG3 pre-mRNA to produce a splice variant protein that is degraded rapidly by the proteasome degradation pathway, implicating a novel paradigm between the cellular DNA damage response and control of alternative splicing (Nicholls et al., 2004) . In addition, heterogeneous nuclear ribonuclear protein A1 and A2 are contributed to the normal alternative splicing of PIG3 but are not involved in the UV-inducible alternative splicing of this transcript, suggesting that the different mechanisms mediating normal and UV-inducible alternative splicing of PIG3 may exist (Nicholls and Beattie, 2008) . Therefore, it is possible that PIG3 may mediate unknown functions through cooperation of the DNA damage response pathway. In this study, we have investigated the role of PIG3 in checkpoint activation to begin to understand the molecular mechanisms by which PIG3 may contribute to cellular response to DNA damage. We report that the knockdown of PIG3 sensitizes cells to UV and radiomimetic drug neocarzinostatin (NCS), impairs DNA repair, and causes defects in the intra-S phase and G2/M checkpoints in response to DNA damage. The efficient induction of Chk1 and Chk2 phosphorylation after DNA damage is impaired in PIG3 knockdown cells. Furthermore, PIG3 knockdown results in suppression of H2AX phosphorylation and g-H2AX foci in response to DNA damage. PIG3 forms nuclear foci, and colocalizes with g-H2AX and 53BP1 at DNA lesions after DNA damage. Moreover, PIG3 contributes to the recruitment of 53BP1, Mre11, Rad50 and Nbs1 to the sites of DNA break lesions in response to DNA damage. Thus, we propose that PIG3 functions as an upstream component of the DNA damage pathways that are critical for the activation and maintenance of the DNA damage checkpoint-signaling pathway.
Results
PIG3 knockdown cells show increased sensitivity to DNA damage agents and a defective DNA repair phenotype To determine whether PIG3 is involved in the DNA damage response, we created the U2OS and HeLa cell lines containing a stably integrated PIG3-targeting small hairpin RNA (shRNA) expression vector. Immunoblotting confirmed that the expression of PIG3 was reduced by more than 90% in both cell lines stably transfecting with PIG3 shRNA, compared with that of control shRNA-transfected cells (Figure 1a, lower panel) . We next examined control shRNA and PIG3 shRNAexpressing cells for their responses to DNA-damaging reagents. Control and PIG3 knockdown U2OS and HeLa cells were treated with UV radiation or the radiomimetic NCS, and a clonogenic survival assay was performed. Although PIG3 is known to have a role in p53-mediated proapoptotic signaling through ROS generation (Polyak et al., 1997) , surprisingly, the PIG3 knockdown cells were significantly more sensitive to NCS and UV than the control cells (Figures 1a and b) , indicating that PIG3 supports cell survival in response to DNA damage. These results led us to further study whether PIG3 depletion affects the DNA damageinduced apoptosis. We used propidium iodide staining and flow cytometry to analyze the apoptotic sub-G1 DNA contents of control and PIG3-small interfering RNAs (siRNA)-transfected U2OS and HeLa cells. We observed no significant difference in apoptotic sub-G1 peak within 24 h of UV or 48 h NCS treatment between control and PIG3 knockdown cells (Supplementary Figure 1) .
This increased sensitivity in PIG3 knockdown cells could be attributed to a defect in the DNA damage repair that is distinct from the ROS generation and proapoptotic roles of the protein. To explore this possibility, we monitored directly the activity of NCSand UV-induced DNA repair in PIG3 knockdown cells using pulsed-field gel electrophoresis (PFGE) and singlecell electrophoresis (comet assay). The PFGE analysis revealed that PIG3 knockdown decreased double-strand breaks (DSBs) repair (Figure 1c and Supplementary  Figure 2) . After NCS treatment, the percentage of remaining DNA DSBs was greater in PIG3 knockdown cells than in control cells. After treatment with 200 ng/ml NCS, control U2OS cells repaired the majority of DSBs efficiently, with B15% of DNA breaks remaining unrejoined for up to 12 h. In contrast, PIG3-depleted cells exhibited severe defects in DSB repair, with B38% of DSBs remaining unrejoined. To further confirm that PIG3 knockdown impairs DNA repair, we used an alkali comet assay that detects single-or double-strand breaks in the DNA of single cells. After UV irradiation, tail movements were analyzed in 40-50 single cells per sample. As shown in Figure 1d , the level of DNA strand breakage was nearly identical in the absence of UV. However, UV irradiation significantly increased DNA strand breakage in PIG3 knockdown cells compared with control cells, indicating that PIG3 knockdown compromises the ability of cells to repair DNA damage.
PIG3 knockdown causes defects at the intra-S and G2/M DNA damage checkpoints Checkpoint activation integrates the signals that regulate DNA damage responses, including DNA damage repair, cell-cycle arrest and apoptosis (Zhou and Elledge, 2000; Abraham, 2001; Shiloh, 2003) . As induced DNA repair and DNA checkpoint activation are generally accepted as critical components of cell survival after exposure to DNA damage, we investigated whether PIG3 is involved in the regulation of the intra-S phase and G2/M checkpoints after DNA damage. The intra-S phase checkpoint has a critical role in preventing spontaneous replication-fork collapse and is responsible for inhibiting intra-S phase progression after DNA damage . To determine the role of PIG3 in intra-S phase checkpoint, control and PIG3-deficient cells were treated with UV or NCS, and DNA synthesis inhibition was examined. We found that UV-and NCS-treated control U2OS (Figure 2a ) and HeLa (Supplementary Figure 3a) cells exhibited a significant inhibition of DNA synthesis. In contrast, PIG3-depleted cells did not activate the intra-S phase checkpoint efficiently, as shown by the low-level inhibition of DNA synthesis, indicating a role for PIG3 in the intra-S phase checkpoint. The G2/M checkpoint is activated to prevent cells with damaged DNA or incomplete DNA replication from undergoing mitosis. Cells that fail to activate an intra-S phase checkpoint should prevent movement into mitosis by activating the G2/M checkpoint (Sancar et al., 2004) . To examine the effects of PIG3 knockdown on the G2/M checkpoint, control and PIG3-depleted U2OS and HeLa Su, 2006) . Chk1 and Chk2 become phosphorylated at serine 317, 345 and threonine 68 after genotoxic exposures, respectively. The roles of Chk1 and Chk2 in response to DNA damage are essential, as disruption of Chk1 or Chk2 results in a loss of the intra-S and G2/M checkpoint. The ATM/Chk2 pathway responds primarily to DSBs induced by ionizing radiation, whereas the ATR/Chk1 pathway is activated by bulky DNA lesions, and after UV radiation or replication forks collapse (Zhou and Elledge, 2000) .
To evaluate the molecular nature of the cell-cycle defects observed in PIG3 knockdown cells, we initially examined whether PIG3 has a role in modulating the ATM/ Chk2 signaling pathway in response to NCS. Therefore, we examined Chk2 phosphorylation after NCS treatment in control and PIG3-depleted U2OS and HeLa cells. When PIG3-depleted cells were treated with NCS, phosphorylation of Chk2 at the activating site, Thr68, was inhibited compared with control cells (Figure 3a and Supplementary Figure 4a) . After NCS treatment, control U2OS and HeLa cells significantly accumulated Thr68-phosphorylated Chk2. In marked contrast, PIG3-depleted cells exhibited significantly reduced phosphorylation of Chk2 at any time point. Levels of unphosphorylated Chk2 were similar irrespective of whether cells expressed control or PIG3 siRNA, suggesting that, in PIG3-deficient cells, the defect in Chk2 phosphorylation is not due to PIG3 regulating endogenous Chk2 levels. As activated Chk2 is involved in phosphorylation and degradation of phosphatase Cdc25A (Mailand et al., 2002; Sancar et al., 2004) , we also examined the levels of Cdc25A in control and PIG3-depleted HeLa cells exposed to NCS. We observed that Cdc25A failed to decline rapidly in PIG3-depleted HeLa cells, compared with control cells, after NCS treatment (Supplementary Figure 4b) . We next examined the effect of PIG3 knockdown on the activation of Chk1 after UV irradiation. In control U2OS and HeLa cells, Ser317-phosphorylated Chk1 reached a maximum at 3 h after UV irradiation and remained at near-maximal levels at 6 h, then decreased slowly, and was still detectable at 24 h (Figure 3b and Supplementary Figure 4c) . In contrast, PIG3 knockdown U2OS cells exhibited a significantly reduced phosphorylation of Chk1 at any time point (Figure 3b ). On the other hand, in PIG3 knockdown HeLa cells, Ser317-phosphorylated Chk1 started increasing 6 h after UV irradiation, and reached a maximum at 24 h (Supplementary Figure 4c ). Thus, Ser317-phosphorylated Chk1 was weakly induced and/or was induced somewhat more slowly in PIG3 knockdown cells, compared with control cells, after UV irradiation. We could not see any significant differences in unphosphorylated Chk1 after UV irradiation between control and PIG3 knockdown cells, suggesting that decreased UV-induced Ser317-phosphorylated Chk1 in PIG3 knockdown cells was not attributed to PIG3 regulating endogenous Chk1 levels. We also examined the effect of PIG3 knockdown on the activation of Chk2 after UV irradiation. We found that PIG3-depleted U2OS and HeLa cells showed reduced Chk2 phosphorylation in response to UV irradiation ( Figure 3b and Supplementary Figure 4c ), indicating that PIG3 has an important role in regulating the Chk1/Chk2 activity in response to DNA damage.
As p38 MAPK activity has recently been reported to be involved in G2/M transition and S-phase progression in U2OS and HeLa cells after UV exposure (Bulavin et al., 2001; Reinhardt et al., 2007) , we also examined the levels of p38 phosphorylation in control and PIG3-deficient cells exposed to UV. In control cells, p38 phosphorylation was detected as early as 6-12 h after UV irradiation. In marked contrast, PIG3-depleted U2OS and HeLa ( Figure 3c ) cells showed significant suppression of p38 phosphorylation at all time points examined. These results also suggest that PIG3 has an important role in mediating DNA damage checkpoint responses.
PIG3 knockdown suppresses phosphorylation of H2AX in response to UV and radiomimetic drug To examine whether the cytotoxic effects and checkpoint bypass observed in PIG3 knockdown cells resulted from the impaired checkpoint signaling, we examined the phosphorylation of the histone variant H2AX. In response to DNA damage, H2AX becomes phosphorylated at Ser139 (g-H2AX) and localizes to discrete foci at sites of DNA damage (Su, 2006) . The ability of PIKKs to phosphorylate H2AX in response to DNA damage is required for proper localization of repair machinery. Therefore, phosphorylation of H2AX is a reliable indicator of whether DNA damage response pathways are activated in response to DNA damage stimuli (Rogakou et al., 1998; Ward and Chen, 2001) . When control U2OS and HeLa cells were examined by immunofluorescence microscopy, the induction of foci formation of g-H2AX was readily apparent. The g-H2AX foci became bigger and brighter, as early as about 30 min and 3 h, respectively, after NCS ( Figure 4a and Supplementary Figure 5a ) and UV ( Figure 4b and Supplementary Figure 5b ) treatment. Although g-H2AX foci formed rapidly after NCS and UV treatment in PIG3 knockdown cells, the intensity of g-H2AX foci was reduced significantly in PIG3-depleted cells as compared with control cells. The number of foci observed did not correspond to the predicted DSBs. This is probably because of weaker g-H2AX signals that were below the threshold of detection.
We next investigated whether PIG3 would affect H2AX phosphorylation after the DNA damage. Consistent with the immunofluorescence data, PIG3-depleted cells exhibited significantly impaired H2AX phosphorylation after UV and NCS treatment. After exposure to NCS or UV, H2AX phosphorylation increased significantly in control U2OS ( However, PIG3 knockdown cells showed very little phosphorylation of H2AX, compared with control cells. Together, these findings implicate that PIG3 has a role particularly in the early steps of DNA damage through induction of g-H2AX.
The N-terminal region of PIG3 is required for the nuclear localization of PIG3 A previous study reported that PIG3 localized to the cytoplasm in H1299 cells expressing p53 (Flatt et al., 2000) . However, signaling proteins involved in DNA damage response often function in the nucleus. More- ). Whole-cell lysates were prepared at the indicated time points and western blot analysis was performed using specific antibodies against phospho-Chk1 (S317), Chk1, phospho-Chk2 (Thr68), PIG3 and a-tubulin. (c) The control-and PIG3-depleted U2OS (left) and HeLa (right) cells were untreated or treated with UV (10 J/m 2 ) for the indicated times. Whole-cell lysates were prepared and immunoblot analysis was performed using specific antibodies against p38, phospho-p38 (T180/Y182), PIG3 or a-tubulin.
over, we found that PIG3 formed foci in response to DNA damage. Therefore, we examined the subcellular localization of PIG3 after DNA damage. Nuclear and cytoplasmic fractions were purified from HCT116 cells treated with or without UV and assayed for PIG3 expression. Successful fractionation was confirmed by the exclusive presence of a-tubulin and g-H2AX in cytosol and nucleus fractions, respectively. We observed Whole-cell lysates were prepared at the indicated time points and immunoblot analysis was performed using specific antibodies against PIG3, g-H2AX or a-tubulin. Graphs show the quantification of the levels of g-H2AX shown in control and PIG3-depleted U2OS cells treated with 200 ng/ml NCS (c) or 10 J/m 2 UV (d). The data were normalized to the untreated control siRNA-transfected U2OS cells (as the value of 1) and are the mean ± s.d. of three independent experiments. PIG3 regulates DNA damage checkpoint J-H Lee et al that, although PIG3 localized mainly in the cytosolic fraction, about 30% of the total PIG3 was present in the nucleus (Figure 5a ). To further confirm the cellular localization of PIG3, we have generated an expression construct encoding green fluorescence protein (GFP)-tagged full-length, C-terminal (1-480 nt) and N-terminal (421-996 nt) deletion mutants of PIG3 (Figure 5b ). After HCT116 cells were transiently transfected with the constructs, the level of PIG3 expression from each construct was analyzed by western blotting with antibodies for PIG3 and GFP. We found that the N-terminal region (1-480 nt) of PIG3 is essential for nuclear localization (Figure 5c ). These results suggest that PIG3 is located in both the nucleus and the cytoplasm, and that nuclear PIG3 may be involved in the DNA damage signaling pathway.
PIG3 forms nuclear foci and colocalizes with g-H2AX and 53BP1 in response to DNA damage After DNA damage, DNA damage signaling proteins are recruited to the damage sites and form discrete DNA damage-induced nuclear foci. The order and timing of these events are thought to be critical for the checkpoint response and DNA repair (Stewart et al., 2003) . Thus, we were interested in whether PIG3 also forms UV-or foci by UV or NCS raises the possibility that these foci represent actual sites of DNA breaks. In fact, we observed that DNA damage-induced PIG3 foci colocalized with g-H2AX and 53BP1 foci (Figures 6b and c) , which have been shown to represent sites of DSBs processing. 
PIG3 regulates DNA damage checkpoint J-H Lee et al
We next performed immunoprecipitation experiments to determine whether PIG3 would interact with g-H2AX. After the control and PIG3 siRNA-transfected HeLa cells were treated with or without UV radiation, the cells were lysed, and the cellular proteins were immunoprecipitated with a PIG3-specific antibody and subjected to immunoblotting with an anti-g-H2AX antibody. Immunoprecipitation with anti-PIG3 antibody showed that endogenous PIG3 was bound to g-H2AX after UV irradiation in control HeLa cells but not in PIG3 siRNA-transfected cells (Figure 7a) . In a reciprocal co-immunoprecipitation assay with anti-g-H2AX antibody, endogenous PIG3 was readily immunoprecipitated from the cell lysates (Figure 7b ). We also confirmed that endogenous g-H2AX was not bound to PIG3 in PIG3 knockdown cells. The binding was specific, as no PIG3 and g-H2AX were detected in samples immunoprecipitated with control rabbit immunoglobulin G (IgG). These results suggest that PIG3 might act upstream of the DNA damage signaling through an interaction between PIG3 and g-H2AX.
The PIKKs include ATM, ATR and DNA-PK proteins that participate in the formation of foci of the Mre11-Rad50-Nbs1 (MRN) complex, gH2AX and 53BP1 (Yang et al., 2003) . Thus, we investigated whether PIG3 foci formation is dependent on PIKKs. Treatment with wortmannin, inhibitors of the PIKKs, severely diminished PIG3 foci formation in response to DNA damage (Figure 8a ). However, transfection of ATM-or ATR-siRNA alone did not affect PIG3 foci formation (data not shown), suggesting that all of the PIKK family members participate in the PIG3 foci formation. We then . At 24 h after UV irradiation, the cells were fractionated into cytosolic and nuclear extracts as described in the experimental procedures. The fractionated cytosol and nuclear extracts were subjected to western blotting using antibodies against PIG3, a-tubulin or g-H2AX. Western blotting of g-H2AX was performed to confirm the localization of PIG3. The fractions were also analyzed by anti-a-tubulin immunoblotting to confirm that the cellular fractionation was adequate. The images obtained were digitized and analyzed for band density using . After 24 h, fractionated cytosol and nuclear extracts were subjected to western blotting with antibodies against GFP (left) or PIG3 (right). Black arrows indicate full or truncated PIG3.
PIG3 regulates DNA damage checkpoint J-H Lee et al examined whether PIG3 foci formation is dependent on p53, because PIG3 is a downstream target gene of p53. We observed that PIG3 foci also formed in HCT116 p53 À/À cells transfected with PIG3 (Figure 8b ) after DNA damage, indicating that PIG3 foci formation is independent of p53. Thus, PIG3 is likely to function downstream of ATM and ATR, and contributes to the activation of the DNA damage checkpoint pathway.
The accumulation of 53BP1, Mre11, Rad50 and Nbs1 at the site of DNA damage foci is reduced in PIG3-depleted cells Based on the current model, after DNA damage, g-H2AX marks the chromatin region at or near the DNA damage site and serves as a platform for the recruitment of DNA damage response proteins, including 53BP1, MDC1, the MRN complex, ATM, ATR and (Su, 2006) . The appearance of these protein foci seems to coincide with the formation of g-H2AX foci. To further assess the possible role of PIG3 in checkpoint signaling and its position within the signaling pathway, we determined whether PIG3 expression is required for the formation of foci containing these early-response elements. We analyzed foci formation using immunofluorescence staining with specific antibodies to PIG3, 53BP1, Mre11, Rad50, Nbs1 or phospho-ATM. After the exposure of control HeLa cells to NCS, 53BP1 and MRN components were recruited readily to DNA damage sites (Figure 9 ). On the other hand, PIG3 knockdown cells exhibited a marked reduction in 53BP1 and MRN components foci formation. However, PIG3 depletion did not affect ATM foci formation. In contrast to its effects on foci formation, PIG3 knockdown did not change the total levels of 53BP1, ATM, Mre11, Nbs1 or Rad50 (data not shown). Thus, PIG3 is likely to function downstream of ATM, and contributes to the selective recruitment of several sensors and mediators into the sites of DNA break, leading to the activation of the DNA damage checkpoint pathway.
Discussion
We investigated the role of PIG3 in the early DNA damage response. PIG3 was originally identified in . Cell lysates were subjected to immunoprecipitation with anti-g-H2AX antibody, and the resulting precipitates were immunoblotted with anti-PIG3 and anti-g-H2AX antibodies. Lanes 6-9 contain 10% input. Normal rabbit immunoglobulin G (IgG) was used as an immunoprecipitated control.
PIG3 regulates DNA damage checkpoint J-H Lee et al a screen for genes induced by p53 before the onset of apoptosis. Based on the effects of PIG3 knockdown on cellular sensitivity to DNA-damaging agents and on DNA repair activity, we suspected that PIG3 might have additional functions in mediating DNA damage signaling. Our studies showed that PIG3 controls multiple checkpoint regulators and is required for the maintenance of intra-S and G2/M checkpoints. We also showed that PIG3 forms nuclear foci and contributes to H2AX phosphorylation and foci formation at sites of DNA damage. Further, our data showed that PIG3 contributes to the recruitment of 53BP1 and MRN components to damage-induced foci, pointing to its role in coordinating the DNA damage response.
PIG3 is involved in the cell-cycle checkpoint pathway
Cells continuously encounter DNA damage caused either by replication errors at replication forks or by genotoxic stressors, such as UV and ionizing irradiation. The inability to repair DNA damage properly in mammals leads to various disorders and enhanced rates of tumor development (Rich et al., 2000; Nyberg et al., 2002) . To avoid these outcomes, cells with damaged DNA activate a network of checkpoint pathways aimed at delaying cell-cycle progression, thus allowing DNA repair. Notably, the checkpoint network must not only sense the damaged DNA, but also spread signals to downstream effectors that execute the cell division shutoff program. The intra-S phase checkpoint arrests DNA replication, thereby preventing cells from progressing into G2 with DNA damage or incomplete replication . Previous studies have shown that inhibition or depletion of many of the DNA damage response proteins, including ATM (Morgan et al., 1997) , ATR (Garg et al., 2004) , Chk1 (Wang et al., 2002) and Chk2 , and disruption of the checkpoint-regulated Cdc25A-CDK2 pathway lead to . At 1 or 6 h after NCS or UV treatment, respectively, the cells were fixed and immunostained with PIG3 antibody.
PIG3 regulates DNA damage checkpoint J-H Lee et al radio-resistant DNA synthesis or UV irradiation-resistant DNA synthesis (Falck et al., 2002) . We assayed the activation of this checkpoint using UV and NCS and found that PIG3 depletion in U2OS and HeLa cells confers a UV-and radiomimetic drug-resistant DNA synthesis phenotype and that the intra-S phase checkpoint is not efficiently activated. The G2/M checkpoint prevents cells from entering mitosis, by inhibiting Cdc25A. This is accomplished through Chk1-and Chk2-dependent degradation of the Cdc25 family (Mailand et al., 2002; Xiao et al., 2003) . When assayed for G2/M checkpoint activation, PIG3 depletion facilitates bypass of G2 arrest after UV irradiation and treatment with NCS. These results indicate that PIG3 has an important role in the DNA damage checkpoint activation, achieved by the stimulation of one of the checkpoint response pathways.
Our data also showed that PIG3 is important for activation of Chk1 and Chk2. Although we do not know precisely how lack of PIG3 prevents the activation of the crucial kinases Chk1 and Chk2, as the key downstream substrates of ATM and ATR are the checkpoint kinases, Chk1 and Chk2 (Matsuoka et al., 1998; Liu et al., 2000) , it is likely that PIG3 is required for ATM or ATR activation of Chk1 and Chk2. In fact, we found that PIG3 knockdown reduces Chk1 and Chk2 phosphorylation, and the defect in Chk2 phosphorylation in PIG3-deficient cells after NCS treatment was also correlated with reduced degradation of Cdc25A. However, PIG3 did not affect ATM or ATR phosphorylation. These results suggest that PIG3 is not required for autophosphorylation of ATM and ATR, but that PIG3 regulates ATM and ATR downstream of their activation. In mammalian cells, Chk2 activation in response to ionizing radiation requires initial phosphorylation of Thr68 by ATM and subsequent autophosphorylation (Ahn et al., 2000; Melchionna et al., 2000) . Although it remains unclear how Thr68 phosphorylation causes Chk2 autophosphorylation, it is possible that there is an adaptor protein for Chk2 activation in mammalian cells, because ATM can phosphorylate Chk2, but fails to activate it in vitro . Indeed, several previous studies have suggested that 53BP1 and MDC1 might serve as an adaptor protein to facilitate Chk2 activation. Thus, PIG3 may amplify Chk1 and Chk2 activity through its involvement as an adaptor protein or through the regulation of some DNA damage sensor proteins, such as 53BP1, MDC1 and g-H2AX Stucki and Jackson, 2006) . Further studies are needed to identify how PIG3 regulates Chk1 and Chk2 activity, which will provide insight into the mechanism by which the checkpoint is activated by DNA damage.
The role of PIG3 in activation of g-H2AX and recruitment of 53BP1 and MRN complexes to DNA damage-induced foci Phosphorylation and relocalization of H2AX are two of the earliest events after DNA damage and are dependent on both ATM and ATR (Burma et al., 2001; Ward and Chen, 2001) . Phosphorylated H2AX may mark the region of chromatin targeted for further assembly of signaling machinery and DNA repair, and g-H2AX foci are critical in facilitating recruitment of signaling and repair factors, such as 53BP1, MRN complex and BRCA1, to the sites of DNA damage (Bassing et al., 2003; Celeste et al., 2003) . To verify whether PIG3 foci formed at the sites of DSBs, PIG3 foci were investigated in combination with well-known DNA break binding factors, g-H2AX and 53BP1. Using two different agents to generate DNA breaks, we showed that PIG3 foci were colocalized with g-H2AX and 53BP1 in response to UV irradiation and radiomimetic drug treatment. The formation of PIG3 foci was abolished using a nonselective inhibitor of the PIKK family (wortmannin). However, using siRNA for knockdown of ATM expression, we showed that ATM knockdown was unable to block PIG3 foci formation. This is similar to the observation that ATM is not required for the formation of foci by 53BP1. Thus, it is likely that all of these PIKK family members participate in the recruitment of PIG3 to sites of DNA damage. Moreover, we observed decreased H2AX phosphorylation in PIG3 knockdown cells on western blotting analysis. This was further supported by the observation that despite progressive accumulation of g-H2AX at DSB sites in control cells, only a faint fluorescent signal associated with g-H2AX foci was detected in PIG3-deficient cells. In addition, g-H2AX was specifically detected in PIG3 immunoprecipitates, suggesting that PIG3 and g-H2AX are indeed found in a common complex. These data suggest that PIG3 focus formation is a general cellular response to DNA damage, and PIG3 foci may facilitate recruitment of, or stabilize, DNA damage response proteins, such as g-H2AX, which in turn may help maintain the damage-induced cell-cycle checkpoint and DNA repair. The kinase activity of ATM is rapidly activated after DNA damage, leading to the phosphorylation and activation of a number of DNA repair proteins, including NBS1 and 53BP1 (Bakkenist and Kastan, 2003; Shiloh, 2003) . However, the mechanism by which ATM is activated on DNA damage remains unclear. ATM autophosphorylation at serine 1981 is induced by DNA damage, which leads to active monomer formation and ATM activation (Bakkenist and Kastan, 2003) . Several BRCT domain-containing proteins, such as 53BP1, MDC1, NBS1 and BRCA1, can affect ATM autophosphorylation and activation. However, none of these proteins is essential for ATM activation, because ATM still undergoes autophosphorylation in the absence of each individual molecule, albeit at a decreased level or with a delay (DiTullio et al., 2002; Foray et al., 2003; Horejsi et al., 2004; Stucki and Jackson, 2004) . These observations indicate that there are redundant mechanisms participating in the regulation of ATM autophosphorylation. Recent studies have indicated that the MRN complex bound to DNA ends may directly activate ATM and/or initiate the nucleation of ATM at DSBs, which leads to its activation (Lee and Paull, 2005; Dupre et al., 2006) . The recognition of DNA ends by the MRN complex may be a prerequisite for its DNA unwinding, tethering or nuclease activities implicated in ATM activation (Uziel et al., 2003; Costanzo et al., 2004; Jazayeri et al., 2008) . Thus, it seems likely that the MRN complex and 53BP1 function both upstream and downstream of ATM after DNA damage. Here, we found that PIG3 preferentially affects ATM to phosphorylate its substrate Chk2 and H2AX and the recruitment of 53BP1 and MRN components to damaged DNA loci, whereas PIG3 is unable to regulate the formation of p-ATM foci after DNA damage. Thus, PIG3 may regulate ATM activity through its involvement in the interaction between phosphorylated ATM and some adaptor proteins, such as MDC1 and 53BP1. PIG3 may also have a synergistic role in proper activation of other ATM/ATR substrates and molecules participating in the DNA damage signaling response. Our preliminary unpublished results indicate that PIG3 interacts with several proteins involved in DNA damage response signaling, and at least one involved in the effector arm of DNA damage repair. We are currently examining whether these proteins actually interact with PIG3.
Protective role for PIG3 in the cellular response to DNA damage The tumor suppressor protein p53 is a major downstream effector of ATM/Chk2 and ATR/Chk1 pathways (Harris and Levine, 2005) . In normal cells, p53-dependent signaling results in G1 arrest, primarily mediated by transcriptional upregulation of p21 (Vogelstein et al., 2000) . If the DNA damage is extensive, however, the p53-dependent pathways target the damaged cells for apoptotic cell death (Vousden and Lu, 2002; Fridman and Lowe, 2003) . Many studies have implicated or shown a direct role of ROS in p53-dependent apoptosis (Johnson et al., 1996; Polyak et al., 1997; Macip et al., 2003) . Activated p53 increases cellular ROS levels by enhancing the transcription of proapoptotic genes, such as PIGs and Bax (Polyak et al., 1997; Kirkland et al., 2002) . PIG3 shows sequence similarity with NQO, and influences the production of intracellular ROS (Porte et al., 2009) . Thus, although PIG3 expression alone is insufficient to induce apoptosis (Polyak et al., 1997) , PIG3 may be one of the factors involved in p53-induced apoptosis through ROS generation. In this study, clonal survival assays indicated that PIG3-deficient cells were more sensitive than control cells to DNA damage-induced cell death. We also showed that cells exhibiting PIG3 silencing showed a significant reduction in DNA repair. PFGE and comet assays revealed significant unrepaired DNA damage in PIG3-deficient cells, compared with control cells. These results suggest that along with g-H2AX and 53BP1, localization of PIG3 to unrepaired damage may signal the cells to stall at a checkpoint to allow completion of repair, while possibly serving as a marker to facilitate repair. Thus, it is likely that the loss of PIG3-dependent DNA repair activation and cell-cycle checkpoints permits cells with broken or damaged DNA strands to enter mitosis, resulting in mitotic catastrophe. Otherwise, accumulated damaged DNA in PIG3 knockdown cells may trigger necrosis or autophagy. PIG3 is localized both to the cytosol and to the nucleus. Although the different roles of cytosolic and nuclear PIG3 in the DNA damage response remain to be determined, nuclear PIG3 may have a role in DNA repair and in cell-cycle checkpoint response, because signaling proteins involved in cell-cycle checkpoints or DNA damage response often function in the nucleus. Thus, PIG3 may have a prosurvival role in response to DNA damage, and this function is independent of its activities in ROS generation. If this function is defective, DNA damage will accumulate, activating a cell death pathway.
In conclusion, the results presented in this study have established the p53 downstream target PIG3 as a novel and functional component in the DNA damage checkpoint-signaling pathway, thereby expanding the scope of p53 targets to the early DNA damage response. Specifically, we show that PIG3 knockdown leads to increased sensitivity to DNA-damaging reagents and delayed DNA repair and, importantly, prevents activation of both the intra-S phase and G2/M checkpoint. PIG3 knockdown suppresses signaling to mediators of the checkpoint response, which are specific for checkpoint activation (Chk1 and Chk2). Furthermore, we show that the PIG3 forms nuclear foci, colocalizes with g-H2AX and 53BP1, and contributes to the g-H2AX foci formation and recruitment of 53BP1 and MRN components, suggesting that PIG3 may have an important role in the cellular response to DNA damage, such as in checkpoint signaling and DNA repair.
Materials and methods
Cell culture and treatment U2OS osteosarcoma cells were cultured in McCoy's 5A medium (Cambrex Corp., Walkersville, MD, USA) supplemented with 10% heat-inactivated fetal bovine serum (Cambrex Corp.), 100 units per ml penicillin and 100 mg/ml streptomycin sulfate (Invitrogen, Carlsbad, CA, USA) in a 5% CO 2 humidified incubator at 37 1C. HeLa cervix adenocarcinoma cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL, Grand Island, NY, USA). HCT116 colorectal carcinoma cells were grown in Iscove's modified Dulbecco's medium (IMDM: Gibco-BRL). The radiomimetic drugs neocarzinostatin (Sigma, St Louis, MO, USA) were added to fresh cell media at a final concentration of 200 ng/ml. For UV treatment, cells were washed in culture medium and exposed to light from a 254-nm UVC lamp (UVP; Model UVGL-25, Upland, CA, USA) in a minimal volume of serum-free culture medium at a dose of 10 J/m 2 . After exposure to UV radiation, cells were cultured in serum-containing medium at 37 1C for appropriate times.
siRNAs and transfection For the knockdown of PIG3 expression, two siRNA target sites were chosen from the human tumor protein p53 inducible protein 3 (TP53I3, PIG3) mRNA sequence (GenBank accession number NM_004881), which was extracted from the NCBI Entrez nucleotide database. These target sites were also investigated using a BLAST search (National Center for Biotechnology Information) to confirm that the sites were specific to the human PIG3. The sequences of the 21-nucleotide sense and antisense RNA are as follows: PIG3 siRNA #1, 5 0 -AA AUGUUCAGGCUGGAGACUAdTdT-3 0 (sense) and 5 0 -UA GUCUCCAGCCUGAACAUUUdTdT-3 0 (antisense); PIG3 siRNA #2, 5 0 -GGACUUAAUGCAGAGACAAdTdT-3 0 (sense) and 5 0 -UUGUCUCUGCAUUAAGUCCdTdT-3 0 (antisense). The negative-control siRNA duplex used was purchased from Bioneer company (Seoul, Korea) and had the following sequences: 5 0 -CCUACGCCAAUUUCGUdTdT-3 0 and 5 0 -ACGA AAUUGGUGGCGUAGGdTdT-3 0 . The siRNA duplexes were transiently transfected into the cells using RNAiMAX (Invitrogen) according to the manufacturer's instructions. These shRNAs were prepared using transcription-based methods with the pSilencer hygro kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. Cells were transfected with the constructed shRNA expression plasmid based on the pSilencer hygro vector (Ambion), which contains a human U6 promoter and a hygromycin resistance gene, using Lipofectamine 2000 (Invitrogen). For the stable knockdown of PIG3, after transfection with the psilencer-empty, psilencer-PIG3 #1 or psilencer-PIG3 #2 vector, several colonies resistant to 300 mg/ml hygromycin were selected. ATM, ATR and DNA-PK siRNA duplex were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Plasmid constructs and transfection
To generate the full-length, N-terminal and C-terminal deletion constructs of PIG3, each region of human PIG3 cDNA was amplified from human fibroblast GM00637 cells by RT-PCR using PIG3 oligo primers of the following sequences: sense, 5 0 -AAGGAAATAACCACCATGTTAGCCGTGCAC-3 0 and antisense, 5 0 -CTGGGGCAGTTCCAGGACGATCTT-3 0 for full-length PIG3 construct; sense, 5 0 -AAGGAAATAACCA CCATGTTAGCCGTGCAC-3 0 and antisense, 5 0 -GAGTTGGA TAGCAGCTGTGCCCACA-3 0 for the C-terminal deletion construct; sense, 5 0 -AAGGAAARAACCACCATGGGAGACT ATGTGCTA-3 0 and antisense, 5 0 -CTGGGGCAGTTCCAGG ACGATCTT-3 0 for the N-terminal deletion construct of PIG3. The amplified PIG3 PCR products were cloned into pCR8/GW/ TOPO vector (Invitrogen), and then inserted into mammalian expression pcDNA-DEST47 Gateway vector including GFP using the LR reaction by Gateway LR clonase TM II Enzyme Mix (Invitrogen). PIG3 sequences and orientation were confirmed by automated DNA sequencing. Cells were transfected with the appropriate plasmid using LipofectAMINE 2000 (Invitrogen) according to the manufacturer's instructions.
Cell survival assay After treatment of UV or NCS, 5 Â 10 2 cells were immediately seeded onto a 60-mm dish in triplicate and grown for 2-3 weeks at 37 1C to allow colonies to form. Colonies were stained with 2% methylene blue per 50% ethanol and counted. The fraction of surviving cells was calculated as the ratio of the plating efficiencies of treated cells to untreated cells. The mean value ± s.d. for three independent experiments was determined.
Pulsed-field gel electrophoresis (PFGE) analysis of DSB repair For the determination of DSB rejoining, cells were exposed to 200 ng/ml NCS. After various recovery times, the cells were resuspended at 5 Â 10 7 cells per 1 ml in 1% CleanCut agarose (Bio-Rad, Hercules, CA, USA) and cast into an agarose plug. The solidified agarose plug was lysed overnight in 1% N-lauroyl sarcosine, 100 mM EDTA (pH 8.0), 0.2% sodium deoxycholate and 1 mg/ml proteinase K according to the manufacturer's instructions (Roche Diagnostic Corp., Indianapolis, IN, USA). The plugs were washed in washing buffer and CHEF gel electrophoresis was performed in a CHEF DRII apparatus (Bio-Rad) in 0.5 Â TBE at 14 1C with a field strength of 1.5 V/cm. Pulse times were increased from 50 to 5000 s for 50-65 h. The gels were stained with 0.5 mg/ml ethidium bromide. The fraction of DNA migrating from the plug into the lane (% DNA extracted) was measured using a UV transilluminator and image analysis using Scion image software (Scion Corp., Frederick, MD, USA).
Comet assay (single-cell electrophoresis) Single-cell gel electrophoresis assay was carried out as described previously with modification (Chowdhury et al., 2005) . Cells were treated with 10 J/m 2 UV, trypsinized and resuspended in PBS. Aliquots of the cell suspension (20 ml, 1 Â 10 5 cells) were transferred to 1.5-ml tubes and then mixed with 200 ml of low-melting-temperature agarose and distributed onto conventional microscope slides that had been pre-coated with standard agarose (0.5% in PBS) and dried at room temperature. The agarose was allowed to solidify at 4 1C for 10 min. The slides were then immersed in lysis solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris-HCl (pH 10), with freshly added 1% Triton X-100 and 10% DMSO) for 1 h at 4 1C and then placed in a horizontal electrophoresis apparatus filled with fresh buffer (1 mM Na 2 EDTA, 300 mM NaOH (pH>13)). Electrophoresis was performed for 30 min at 300 mA, and then the slides were washed with 70% ethanol, stained with 30-50 ml ethidium bromide (40 mg/ml) for 1 h, and kept in a moist chamber in darkness at 4 1C until needed. The cells were analyzed 24 h after staining at Â 400 magnification using a fluorescence microscope (Zeiss RG) equipped with a 50-W mercury lamp. The microscope images revealed circular shapes, indicating undamaged DNA, and comet-like shapes, indicating that the DNA had migrated out from the head to form a tail (damaged DNA). The extension of each comet was analyzed using a computerized image analysis system (Komet 5.5, Andor Technology, South Windsor, CT, USA) that provided a 'tail moment', which is defined as the product of the DNA in the tail and the mean distance of its migration in the tail, and is considered to be the variable most directly related to DNA damage. Calculation of the extent of DNA damage, which was not homogeneous, was based on the analyses of 40-50 randomly selected comets from each slide.
Immunoprecipitation assay and western blot analysis Cells were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) or M-PER buffer (Mammalian Protein Extraction Reagent; Pierce, Rockford, IL, USA) with protease inhibitors (Roche Diagnostic Corp.). Equal amounts of protein were separated by 6-15% SDS-PAGE followed by electrotransfer onto a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membranes were blocked for 1 h with TBS-t (10 mM Tris-HCl (pH 7.4), 150 mM NaCl and 0.1% Tween-20) containing 5% nonfat milk and then incubated at room temperature with primary antibodies. The blots were washed four times for 15 min with 0.1% Tween 20-containing TBS-t and then incubated for 1 h with peroxidase-conjugated secondary antibodies (1:5000, Jackson ImmunoResearch Inc., West Grove, PA, USA). The membranes were washed four more times and developed using an enhanced chemiluminescence detection system (ECL; GE Healthcare, Buckinghamshire, UK). For the immunoprecipitation assay, the RIPA extracts were pre-cleared with protein A-sepharose bead (GE Healthcare), then incubated at 4 1C overnight with appropriate antibodies. After the addition of fresh protein A-sepharose bead, the reaction was incubated for 3 h at 4 1C with rotation. The beads were washed five times in RIPA buffer without protease inhibitors, resuspended in SDS sample buffer and boiled for 5 min. The samples were then analyzed by western blotting using the appropriate antibodies.
Preparation of subcellular fractions HCT116 cells were harvested and then lysed in cytosol extraction buffer (CEB; 10 mM HEPES (pH 7.5), 3 mM MgCl 2 , 14 mM KCl, 5% glycerol, 1 mM DTT) with protease inhibitors (Roche Diagnostic Corp.) for 10 min on ice. For complete lysis, 0.2% NP-40 was added, followed by vortexing for 10 s. After centrifugation at 8600 g for 2 min, the supernatant (cytosolic extract) was transferred to a new tube. The pellet was washed three times in CEB and then lysed in nuclear extraction buffer (NEB; 10 mM HEPES (pH 7.5), 3 mM MgCl 2 , 400 mM NaCl, 5% glycerol, 1 mM DTT) with protease inhibitors for 30 min at 4 1C, followed by centrifugation at 13 200 r.p.m. for 30 min. The supernatant contained the nuclear extracts.
Antibodies
The PIG3 protein was detected by western blotting with a rabbit polyclonal PIG3 antibody (H300, Santa Cruz Biotechnology) at 1:1000 dilution and PIG3 foci were also detected by immunofluorescence staining using the PIG3 antibody at 1:50 dilution. g-H2AX was detected by immunofluorescence and western blotting with the mouse monoclonal antibody and clone JBW301 (Upstate Biotechnology, Temecula, CA, USA) at 1:200 and 1:1000 dilutions, respectively. The g-H2AX antibody was purchased from Upstate. The following antibodies were used for immunofluorescence staining: anti-53BP1 polyclonal antibody (Santa Cruz, 1:50), antiMre11 monoclonal antibody (BD Pharmingen, San Jose, CA, USA, 1:200), anti-Nbs1 polyclonal antibody (Cell Signaling Technology, Boston, MA, USA, 1:200), anti-Rad50 monoclonal antibody (BD Pharmingen, 1:200) and anti-ATM protein kinase pS1981 monoclonal antibody (Rockland, Immunochemicals Ins., 1:500, Philadelphia, PA, USA). The following antibodies were used for western blot analysis: antiatubulin mAb (TU-02, 1:5000), anti-GFP Ab (1:500), anti-myc mAb (1:500), anti-Cdc25A mAb (1:500, Santa Cruz); anti-p38 Ab (1:1000), anti-p38 pAb (1:1000), anti-Chk1 pAb (1:1000), anti-Chk1 pAb (S345) (1:1000), anti-Chk2 pAb (1:1000), anti-Chk2 pAb (T68) (1:1000, Cell Signaling Technology) and anti-Chk1-pAb (S317) (1:1000, R&D Systems, Minneapolis, MN, USA).
Immunofluorescence microscopy
To visualize nuclear foci, cells cultured on cover slips coated with poly-L-lysine (Sigma) were treated with UV or NCS, followed by recovery for adequate times. The cells were then washed twice with PBS, fixed with 4% paraformaldehyde for 10 min and ice-cold 98% methanol for 5 min, followed by permeabilization with 0.3% Triton X-100 for 10 min at room temperature. Next, the cover slips were washed three times with PBS and then blocked with 5% BSA in PBS for 1 h. The cells were single or double immunostained with primary antibodies against various proteins overnight at 4 1C. Next, the cells were washed with PBS and then stained with Alexa Fluor 488 (green, Molecular Probes) or Alexa Fluor 594 (red, Molecular Probes) conjugated secondary antibodies, as appropriate. After washing, the cells were mounted using Vectashield mounting medium with 4,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA). Fluorescence images were taken using a Zeiss Axioplan 2 imaging epifluorescent microscope equipped with a charge-coupled device camera and ISIS software (MetaSystems, Altlussheim, Germany).
BrdU incorporation assay
To determine the cell populations in the S phase, the incorporation of BrdU was monitored as a parameter for DNA synthesis, according to the instructions of the manufacturer (Roche Diagnostic Corp.). Control and PIG3-depleted cells were seeded in a 48-well plate and treated with NCS or UV. At 3 or 6 h after NCS or UV treatment, respectively, 10 mM BrdU was then added to the culture medium for incorporation into freshly synthesized DNA, and the culture was incubated for 2 h at 37 1C. After fixation of the cells, cellular DNA was partially digested by nuclease treatment. A peroxidase-labeled antibody to BrdU and a peroxidase substrate were added sequentially to yield a colored product that was produced in proportion to the level of BrdU incorporated into the cellular DNA. Colored products were measured in a microplate reader at 405 nm with a reference wavelength at approximately 490 nm. The relative DNA synthesis was calculated as the percentage of absorbance of cells treated with DNA-damaging agents from the absorbance of control cells. The data are presented as the mean±s.d. from triplicate experiments.
G2/M checkpoint analysis G2/M checkpoint assay was performed as described previously (Kolas et al., 2007; Reinhardt et al., 2007) . Control and PIG3-depleted cells were treated with 200 ng/ml NCS or 10 J/m 2 UV. At 6 or 9 h after NCS or UV treatment, respectively, the cells were harvested and washed with PBS and then fixed with 1% formaldehyde for 10 min at 37 1C. The cells were chilled on ice for 1 min and then permeabilized with 90% methanol at À20 1C overnight. The fixed cells were washed with PBS and blocked with incubation buffer (0.5% BSA in PBS) for 10 min. The cells were stained with anti-phospho-histone H3(S10)-Alexa Fluor 647-conjugated antibody (Cell Signaling Technology) at 1:10 dilution in incubation buffer for 1 h in darkness at room temperature; they were then washed and resuspended in PBS containing 50 mg/ml propidium iodide. At least 10 000 cells were analyzed by fluorescence-activated cell sorting (FACSort, Becton Dickinson, San Jose, CA, USA). The acquired data were analyzed using the CellQuest Pro software (Becton Dickinson).
Data analysis
Data in all experiments are represented as mean ± s.d. Statistical comparisons were carried out using an unpaired t-test. P-values o0.01 were considered to be statistically significant.
Abbreviations
ATM, ataxia telangiectasia mutated; ATR, ATM and Rad3 related; 53BP1, p53-binding protein; DNA-PK, DNA-dependent protein kinases; DSBs, double-strand breaks; NCS, neocarzinostatin; PIG3, p53-inducible gene 3; PIKK, phosphatidylinositol 3-kinase-like kinase.
